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(54) Power source used in making 
measurements in a earth borehole 



(57) The power source comprises a 
battery of a type that is operable only 



at temperatures substantially higher 
than those encountered in above 
ground ambient air, a controlled heat 
source for maintaining the 
temperature of the battery within its 
operable range. 
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SPECIFICATION 

Power sources for use in making 
measurements in an earth borehole 

This invention relates to power sources for use 
5 in making measurements in an earth borehole. 
Many efforts have been made to develop 
successful logging while drilling systems, as 
suggested by the following examples: Karcher, 
U.S. Patent No, 2,096,279 proposes a system 

1 o utilizing electrical conductors inside the drill pipe. 
Heilhecker, U.S. Patent No. 3,825,078 proposes a 
system utilizing extendable loops of wire inside 
the drill pipe. Silverman, U.S. Patent No. 
2,354,887 proposes a system utilizing inductive 

1 5 coupling of a coil or coils with the drill pipe near 
the drill bit with measurement of the induced 
electrical potential at the earth's surface. Arps, 
U.S. Patent No. 2,787,759 and Claycomb, U.S. 
Patent No. 3,488,629 propose systems in which 

20 pulsed restrictions to the drilling mud flow 
produce pressure pulse signals at the earth's 
surface. Other related U.S. Patents are Nos. 
3,1 86,222, 3,31 5,224, 3,408,561 , 3,732,728, 
3,737,845, 3,949,354 and 4,001 ,774. All of the 

25 foregoing patents are specifically incorporated 
into this specification by reference. 

Each of the abovementioned proposals has had 
some drawback of sufficient consequence to 
prevent its commercial acceptance. For example, 

30 a downhole formation condition sensing and 

signal transmitting unit mounted near the drill bit 
must be capable of operating unattended for long 
periods of time without adjustment and with a 
continuing source of electrical power. Several 

35 other drawbacks are described in Patent No. 
47078/78 (Serial No. 2,009,473). 

According to one aspect of the present 
invention there is provided a power source for use 
in apparatus for making measurements in an 

40 earth borehole, said apparatus including means 
for sensing the magnitudes of one or more 
downhole parameters and generating electric 
signals representing the magnitudes of said 
parameters, a telementry means for transmitting 

45 said signals and equipment for detecting said 
signals and translating said detected signals into 
indications representative of the magnitudes of 
said downhole parameters, said power source 
comprising, a battery of a type that is operable 

50 only at temperatures substantially higher than 
those encountered in above ground ambient air 
and a controlled heat source for maintaining the 
temperature of said battery within its operable 
range. 

55 According to another aspect of the present 

invention there is provided a power source for use 
in apparatus for making measurements in an 
earth borehole, said apparatus including means 
for sensing the magnitudes of one or more 

60 downhole parameters and generating signals 

representing the magnitudes of said parameters, 
telementry means for transmitting said signals, 
and equipment for detecting said signals and 
translating said detected signals into an 



65 indication or indications representative of the 
magnitudes of said downhole parameter or 
parameters, said power source comprising a 
battery and an electric generator means for 
minimizing the discharge of said battery. 

70 For a further understanding of the invention, 
and to show how the same may be carried into 
effect, reference will now be made to the 
following description taken in conjunction with 
the accompanying drawing, in which; 

75 Fig. 1 is a schematic illustration of a rotary 
drilling rig; and 

Fig. 2 is a schematic illustration of a self- 
contained downhole power source. 

Before proceeding with a detailed description 

80 of the drawing, it is believed that understanding 
will be enhanced by discussion of somebasic 
factors. 

In a 10,000' length of 4 1/2" drill pipe, the 
mud volume inside the pipe is of the order of 

85 5,000 gallons. Assuming that the bulk elastic 
modulus for compressed drilling mud is 400,000, 
then discharging .5 gallons of fluid will cause a 
pressure drop of 40 psi, (if we consider the 5,000 
gallons as being in a simple tank). It can be 

90 assumed, therefore, that discharging mud near 
the bottom of such drill pipe at the rate of 0.1 25 
gallons/sec. will cause a signal of 1 0 psi/sec. at 
the surface. We shall refer to the rate of change of 
pressure at the 

dp 

95 

dt 

index and In this case the 
dp 
dt 

index is equal to 10. 

Three important experiments were performed; 
1 00 1 . Measurements were made in a test well at 
1 ,800' and moderate differential pressures 
of 1 ,000 psi across a valve at the bottom. 

2. Measurements were made in an oil field 
drilling well at 8,000' and low differential 

1 05 pressures of 400 psi. 

3. Measurements were made in a second oil 
field drilling well at 5,000' and high 
differential pressures (1 ,600 psi). 

All three series of experiments indicated that 
110 the 

dp 
dt 

index of the pressure pulse received at the surface 
when the valve is suddenly opened was 
substantially higher than calculated. The reasons 
115 for this are: (a) highly compressed drilling mud 
may have an elastic modulus somewhat higher 
than 400,000; (b) there is some wave guide 




action by the drill pipe that causes the signal to 
travel much more favorably than it would in a 
large tank of the same volume; and (c) the sudden 
opening of a valve at the bottom of the well 
5 causes a higher 

dp 



dt 

index than in the case of the large tank because of 
the elasticity of the mud column above it. 
In a typical 1 5,000'foot drill string (with the 

1 0 bottom end closed off), if a marker were placed at 
the top of the mud column, this marker would 
drop some 110 feet when 3,000 psl mud pump 
pressure is applied (3,000 psi is a rather typical 
mud pump pressure in deep wells). One can, 

1 5 therefore, consider the mud column as being 
continually compressed by some 100 feet and 
acting as a long spring in which a large amount of 
potential energy is stored. When a valve at the 
bottom of the drill pipe is suddently opened, this 

20 potential energy is released, causing a large 

negative mud pressure pulse; such mud pressure 
puise being substantially larger than would be the 
case if the mud were incompressible. 

In the experiments conducted at 5,000' in a 

25 drilling well, a small passageway (.056 in. 2 area) 
between the inside of the drill collar and the 
annulus, was opened and shut in accordance with 
a controlled sequence. The pressure across the 
valve was 1 ,600 psi and the discharge was 

30 calculated to the approximately .25 gallons/sec. 
The volume of mud inside the drill pipe was 
approximately 2,500 gallons and assuming an 
elastic modulus for the mud of 400,000', the 
pressure drop was calculated to be 40 psi/sec. 

35 (again using the assumption that mud column 
was a simple tank). In the tests the pressure drop 
at the surface was measured to be over 1 00 
psi/sec. or considerably more than would be 
expected from the simple tank calculation. The 

40 following conclusion was reached: With high 

pressures existing across the drill bit (1,000 psi or 
more), large sharp signals can be developed at the 
surface by opening and closing a very small 
bypass valve at the sub-surface near the drill bit. 

45 Valves having an opening of .05 in. 2 can produce 
large signals from a 5,000' depth and the 
reduction in signal magnitude from depths 
between 2,500' and 5,000' have been found to 
be very small; thus, Indicating that the signal 

50 attenuation is small. 

This system has a number of important 
advantages: The rapid discharge at a rate of as 
little as 0.1 25 gallons/sec will generate a "sharp" 
pulse, that is a pulse containing a high rate of 

55 change of pressure, i.e., a high 

dp 
dt 

index (e.g. 40). Furthermore, the rapid opening of 



the bypass valve will also minimize wear for the 
following reasons: When the bypass valve is 

60 closed, there obviously is no wear on the valve 
seat. When the valve is open (and the valve area 
is large compared to a restriction or restrictions 
following it), the valve will be exposed to low 
velocity fluid and, consequently, the wear will be 

65 mostly in the following restriction or restrictions 
which can be made expendable and of very non- 
errodable material such as boron carbide. Wear 
occurs in the bypass valve only when it is in the 
process of opening or closing, i.e., is ''cracked" 

70 and the velocity through the valve seat is then 
very high. The valve operation should, therefore, 
be as fast as possible for opening and 
closing and there is no limit to the 
desirable speed. The rate of discharge through 

75 the valve should also be fast but there is 

an upper limit beyond which faster discharge 
does not benefit. The reason for this is the limit to 
high frequency transmission through the mud. 
Frequencies, higher that about 100 Hz are 

80 strongly attenuated and are of little value in 
building up a fast pulse at the surface. To 
determine the maximum useful rate of discharge, 
it was necessary to set up experiments on a full 
scale using real drilling oil wells and long lengths 

85 of conventional drill pipe. The experimental 
arrangements comprised a special large valve 
followed by an adjustable orifice. 

Changing the orifice size can determine the 
flow rate in gallons per second. It was determined 

90 that flows larger than about .3 gallons per second 
produced little improvement in the signal. In 
comparing the signals from a depth of 6,01 2 feet, 
three different orifice sizes were tested, .509" 
diameter, .427" diameter and .268" diameter. It 

95 was determined that the .268" diameter orifice 
generated a signal at the surface nearly as intense 
as the one generated by the .509" diameter 
orifice. 

Referring now to Fig. 1, there is schematically 

100 illustrated a typical drilling rig 10 including a mud 
circulating pump 1 2 connected to a discharge 
pipe 1 4, a standpipe 1 6, a high pressure flexible 
rotary hose 1 8, a swivel 20 and a drilling string 
22, comprising the usual drill pipe and drill collars, 

1 05 and a jettype bit 26. A short distance above the 
bit 26, and mounted within drill collar 24, is a 
negative mud pressure pulse generator 28 and a 
sensing and instrumentation unit 30. 

The negative mud pressure pulse generator 28 

110 is of a special design. It generates a series of 

programmed pulses and, each pulse consists of a 
short momentary reduction in mud pressure. This 
is accomplished by means including a valve that 
momentarily opens a passageway between the 

1 1 5 inside and the outside of the drill collar 24, i.a, the 
valve controls a passageway between the inside 
of the drill collar 24 and the annulus 29 formed by 
the outside of the drill collar and the well bore. 
The negative mud pressure pulse generator is 

1 20 described in detail in Patent Application No. 
8112793. 

Aboveground equipment, generally designated 
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as 32, is connected to a pressure transducer 1 00, 
which in turn is connected to standpipe 1 6. 
Alternatively, the transducer 1 00 could be 
connected into the stationary portion of swivel 
20, if desired. The aboveground equipment is 
described in detail in Patent Application No. 
47078/78 (Serial No. 2009473). 

It was determined, by conducting various tests 
and experiments, that a force of approximately 34 
pounds would be required to actuate the valve 
described in Patent Application No. 47078/78. 
With good engineering safety factors added, the 
required force became 70 — 100 pounds. The 
application of force of this magnitude over the 
required distance of valve travel, with 
electromagnetic drive solenoids of reasonable 
size, would require about 350 watts of electric 
power; i.e., nearly 1/2 horsepower. With such a 
large power requirement it would appear at first 
glance that the energy needed for the number of 
actuations of the valve 36 that would be 
necessary for successful operation would be far 
beyond the capacity of any available self- 
contained downhole power source. This apparent 
energy problem is overcome, however, when it is 
considered that the negative mud pressure pulse 
generator 28 provides a very rapid action for the 
valve, i.e., the valve can be made to open (or to 
close) with the application of the required 350 
watts for only 20 milliseconds. The amount of 
energy required to open (or close) the valve is, 
therefore, 
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There are available modern high density batteries 
of reasonable size and capable of being included 
in the space provided within the drill collar 24 and 
which can easily provide 2,000 watt hours of 
energy. Therefore (even without recharging, as is 
described later herein) a reasonable battery can 
provide enough energy to operate the valve 36 
about one million times. Assuming that the valve 
is operated once every four seconds, a single 
battery charge is able to operate the valve 
continuously for over one month. It is an 
important requirement in logging while drilling 
that the downhole apparatus be capable of 
operation unattended (i.e., without battery 
recharge) for at least the length of time between 
"round trips", i.e., the time that a single bit can 
drill without replacement. The bets bits last only 
about 1 00 — 300 hours and, therefore, the 30 day 1 1 5 
Figure above is more than adequate. 

In Fig. 2 there is schematically illustrated a 
special type of battery that is well adapted to 
powering downhole equipment. 

Deep oil wells frequently have high bottom 
hole temperatures 300 — 400° F. and many 
electric batteries cannot operate at this 
temperature. There is, however, an exception; the 
modern molten salt batteries. They operate well 
at high temperatures of 400° — 500°C. or even 



120 



125 



higher but will not operate properly at lower 
temperatures principally because the electrolyte 
solidifies and ceases to conduct electrically. A 
lithium aluminum iron sulphide molten salt 
battery is manufactured by the Eagle Pitcher Co., 
Joplin, Missouri. Other manufacturers also 
manufacture high energy molten salt batteries 
that are especially intended for electric vehicle 
use. These batteries are very well adapted for high 
temperature operation. 

There is shown in Fig. 2 an arrangement that 
will "start up" the battery before it is immersed 
into the hot environment of the oil well and will 
maintain it charged when in use. In Fig. 2, 
reference numeral 1 55 designates the battery 
proper; reference numeral 1 56 designates 
heating elements that are arranged to provide a 
small amount of heating to the battery 1 55; and 
reference numeral 1 57 designates a jacket 
containing thermal insulation, as for example, a 
material known as "Super Insulation" 
manufactured by the Union Carbide Co., New 
York, N.Y. or "Multifoil", manufactured by the The 
Thermo Electron Co., Waltham, Mass. Initially an 
external voltage (not shown) is applied to the 
terminal 1 58 (while the instrument is at the 
surface and before immersion into the well). This 
voltage activates the heating elements 156 and 
the battery electrolyte melts. Furthermore, the 
battery 1 55 is charged by the voltage applied at 
1 58 before the instrument is immersed in the oil 
well. When the battery 1 55 is in its normal 
operating temperature range, the circuit to the 
heating element 1 56 is opened by the 
thermostatic switch 1 59, which closes during 
periods when additional heat to the battery 1 55 is 
required. When logging while drilling, the 
vibration of the tool will cause the device 1 60 to 
generate a charging current. The device 1 60 is 
described in U.S. Patent 3,970,877, Russell, et al. 
which is made part of this application by 
reference. Instead of the Russell, et al, device, a 
small mud flow powered turbine and electric 
generator could be used to maintain the battery 
charged, since only about 1 watt of continuous 
charging power is required. 

Claims 

1 . A power source for use in apparatus for 
making measurements in an earth borehole, said 
apparatus including means for sensing the 
magnitudes of one or more downhole parameters 
and generating electric signals representing the 
magnitudes of said parameters, a telemetry 
means for transmitting said signals and 
equipment for detecting said signals and 
translating said detected signals into indications 
representative of the magnitudes of said 
downhole parameters, said power source 
comprising, a battery of a type that is operable 
only at temperatures substantially higher than 
those encountered in above ground ambient air 
and a controlled heat source for maintaining the 
temperature of said battery within its operable 
range. 
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2. A power source for use in apparatus for 
making measurements in an earth borehole, said 
apparatus including means for sensing the 
magnitudes of one or more downhole parameters 
5 and generating signals representing the 

magnitudes of said parameters, telemetry means 
for transmitting said signals, and equipment for 
detecting said signals and translating said 
detected signals into an indication or indications 
1 0 representative of the magnitudes of said 

downhole parameter or parameters, said power 
source comprising a battery and an electric 
generator means for minimizing the discharge of 
said battery. 

15 3. A power source according to claim 1 , in 

which said controlled heat source is accomplished 
by means of a thermostat 

4. A power source according to claim 1 , 
including: 

20 an insulating container in which said battery 
and said heat source are enclosed. 

5. A power source according to claim 1 or 2, 
wherein said battery is a molten salt battery. 

6. A power source according to claim 1 or 2, 
25 wherein said battery is a lithium aluminum iron 

sulphide molten salt battery. 

7. A power source according to claim 2, 
wherein said generator means includes a 
vibration powered generator. 

30 8. A power source according to claim 2, 

wherein said generator means includes a mud 

flow powered turbine generator. 

9. A power source according to claim 1 or 2 r 

substantially as hereinbefore described with 
35 reference to, and as illustrated in, the 

accompanying drawing. 



New claims or amendments to claims filed on 20 
May 1 982 

Superseded claims: all 

40 New or amended claims: — all 

1 . Apparatus for use at deep depths in a 
borehole for transmitting signals to the earths 
surface, comprising a housing positionable in a 
borehole, a sensor carried by said housing for 

45 detecting the magnitude of one or more 

downhole parameters and providing electrical 
signals representing such magnitudes, a signal 
generator within said housing for transmitting 
signals from depths in the borehole to the earths 

50 surface in response to said electrical signals, a 
high temperature battery within said housing for 
providing energy for the operation of said signal 
generator, the battery being operable at elevated 
temperature environments encountered at deep 

55 depths in a borehole in the earth and a heater 
within said housing to maintain the temperature 
of said battery within its operating range at lower 
environmental temperatures. 

2. Apparatus according to Claim 1 , in which 
60 said controlled heat source is accomplished by 

means of a thermostat. 

3. Apparatus according to Claim 1 , including 
an insulating container in which said battery and 
said heat source are enclosed. 

65 4. Apparatus according to any preceding claim, 
wherein said battery is a molten salt battery. 

5. Apparatus according to Claim 4, wherein 
said battery is a lithium aluminum iron sulphide 
molten salt battery. 

70 6. Apparatus according to Claim 1 , 

substantially as hereinbefore described with 
reference to, and as illustrated in, the 
accompanying drawings. 
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(57) Abstract 

A method and apparatus for transmitting informat . c of an output signal of a sensor (20) to a remote location. 

The method comprises the steps of transmitting a first puis a second pulse (48b) and a third pulse (48c) to a receiving cir- 

cuit (50) at times that are ratiometrically related to the output signal of the sensor. The receiving circuit receives the first, second 
and third pulses and computes a number indicative of the value of the output signal of the sensor as a function of the times at 
which the three pulses are received. In the preferred embodiment, the sensor is powered by a battery (12) and transmits the first, 
second, and third pulses to the receiver circuit as light pulses conveyed on a fiber-optic cable. 
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METHOD AND APPARATUS FOR TRANSMITTING INFORMATION 
FROM A SENSOR USING TIME PULSE CODE MODULATION 

Field of the Invention 
The present invention relates to electronic sensors in general, and in 
particular to a method and apparatus for transmitting information to a remote 
location* 

5 Background of the Invention 

Automated control systems that use a central computer to control the 
operation of a machine or process often collect data indicative of the physical 
parameters of the system from a plurality of remotely located sensors. The sensor 
data are used by the central computer when generating a series of signals that 

10 control the operation of the machine or process. Such remote sensors are critically 
important in automated aircraft control systems where they are used for such 
diverse functions as monitoring the position of the aircraft's control surfaces and 
landing gear, monitoring the amount of fuel on board, and the speed and altitude 
of the aircraft Generally, such remote sensors or transducers are placed in close 

15 proximity with the physical parameter to be monitored and transmit an output 
signal to the central computer via a common data bus or dedicated signal path, 
such as a wire. 

In a large aircraft, the amount of wire needed to connect all the remote 
sensors to a central flight control computers can be considerable. Each sensor 
20 usually requires connection to a power bus via a power lead and a ground lead and 
also requires a separate lead that carries the output signal of the sensor to the 
central computer. In such a control system, the required wire can add significantly 
to the overall weight of the system. Minimizing the tare weight of an aircraft is 
usually an important design goal. 
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With the advent of fiber optic technology, it has become possible to achieve 
a significant reduction in the weight of this type of system by replacing the wires 
that connect a remotely located sensor to a central computer with a fiber optic 
cable. Not only are fiber optic cables much lighter than copper wires, they are 
5 also immune to electromagnetic coupling, have an increased bandwidth, and can be 
easily routed throughout an aircraft. However, even if a fiber optic cable is used 
to connect the remotely located sensor to the central computer, power must be still 
be supplied to drive the sensor. If standard power busses are used to provide 
power to each sensor and a fiber optic cable is used to transmit the output signal of 

10 the sensor, the overall weight of the system will not be significantly decreased, and 
full immunity to electromagnetic coupling will not be achieved. Alternatively, it 
may be possible to power the sensor by transmitting light down the fiber optic 
cable to the sensor and converting the light to electric power or by providing 
power from a long life battery, such as a lithium cell. Lithium cells have a 

15 characteristic shelf life of many years and allow a sensor that is coupled to a 
central computer by a fiber optic cable to be completely isolated from the other 
electrical systems of the aircraft. 

Only limited power can be supplied to a remote sensor by either a long life 
Kthium cell or a photocell using transmitted fight that is converted to electrical 

20 power. Therefore, what is needed is a remote sensing system that draws minimum 
electrical power and allows a sensor to be electrically isolated from the remainder 
of the automated system. It is also desirable to provide a remote sensor 
transmitting circuit that uses a single fiber optic cable to connect each sensor to a 
common receiving circuit. Finally, it is desirable to provide a remote sensing 

25 circuit, which allows a high resolution output signal to be transmitted from the 
remote sensor. 

Summary of the Invention 
The present invention relates to a method and apparatus for transmitting 
information indicative of an output signal of a sensor to a remote location. The 

30 output signal of the sensor lies between a minimum sensor value and a maximum 
sensor value. The method comprises transmitting at least a first signal, a second 
signal, and a third signal to the remote location. The time at which the second 
signal is transmitted compared to the time at which the first and third signals are 
transmitted is ratiometrically related to the value of the output signal of the sensor. 

35 In the preferred embodiment, the first signal comprises a first pulse transmitted at a 
time ti; the second signal comprises a second pulse transmitted at a time t2; and 



ft 



WSDOC1D: <WO 9306578A1_L> 



WO 93/06578 



-3- 



PCT/US92/06254 



the third signal comprises a third pulse transmitted at a time 13. The time t2 is 
selected such that the ratio of the time (t2 - to the time - ti) is indicative of 
the output value of the sensor. Means are disclosed for transmitting the first, 
second, and third signals to the remote transmitter over a fiber-optic cable. A 
5 remote receiver receives the transmitted pulses and computes these ratios to obtain 
a value indicative of the output signal of the sensor and, thus, of a parameter 
measured by the sensor. 

Brief Descrip tion of the Drawings 
FIGURE 1 is a block diagram of a sensor transmitter according to the 

10 present invention; 

FIGURE 2 is a schematic diagram showing how a sensor is connected to a 
sensor transmitter according to the present invention; 

FIGURE 3 is a timing diagram illustrating a pulse time modulation 
technique according to the present invention; 
15 FIGURE 4 is a block diagram of a sensor receiver according to the present 

invention; 

FIGURE 5 is a schematic diagram of a math block included in FIGURE 3. 

Detailed Description of the Pre ferred Embodiment 
FIGURE 1 is a block diagram of a sensor transmitter according to the 

20 present invention, shown generally at 10. A battery 12 is connected to a period 
generator 14 that provides the sensor transmitter 10 with a series of low duty cycle 
power pulses. In the preferred embodiment, electrical current is only provided to 
the transmitter 10 when the period generator 14 is providing a power pulse in order 
to extend the life of the battery 12. When the period generator is pulsing "on," a 

25 power pulse is provided on a lead 16 to each circuit within transmitter 10, 
including a sensor driver circuit 18, a delay circuit 22, and a voltage ramp 
generating circuit 32. Upon receipt of the power pulse, sensor driver circuit 18 
energizes a sensor 20. Sensor 20 can comprise a variety of electrical transducers, 
such as a linear variable differential transformer (LVDT), temperature sensing 

30 transducer, pressure sensing transducer, velocity sensing transducer, etc. Coupled 
to sensor 20 are three sample and hold circuits 26, 28, and 30. Sample and hold 
circuit 26 is connected to sensor 20 by a lead 20a. Sample and hold circuit 28 is 
connected to sensor 20 by a lead 20b, and sample and hold circuit 30 is connected 
to sensor 20 by a lead 20c. Preferably, the sensor 20 comprises an electrical 

35 bridge circuit that provides two signals that remain relatively fixed in magnitude on 
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leads 20a and 20c and a varying signal that is indicative of the parameter being 

sensed on lead 20b. 

After receiving a power pulse on lead 16, delay circuit 22 waits a 
predetermined period of time (typically 10 microseconds) to allow any transient 
5 currents that may be flowing in sensor 20 to settle down before placing a hold 
signal on a lead 24, which is coupled to each of the sample and hold circuits 26, 
28, and 30. The hold signal causes the sample and hold circuits 26, 28, and 30 to 
lock on to the signal values on leads 20a, 20b, and 20c, respectively. 

Upon receipt of the power pulse on lead 16, the voltage ramp generator 32 

10 begins generating a linearly varying voltage signal that extends from a level below 
the voltage on lead 20a to a value greater than the voltage on lead 20c. This 
linearly varying voltage signal is applied to the inverting inputs of three 
comparator circuits 36, 38, and 40 on a lead 34. Connected to the non-inverting 
inputs of comparators 36, 38, and 40 are the output voltages of the sample and 

15 hold circuits 26, 28, and 30, respectively. The cutout of sample and hold 
circuit 26 is connected to the non-inverting input of comparator 36 by a lead 26a. 
The output of sample and hold circuit 28 is connected to the non-inverting input of 
comparator 38 by a lead 28a, and the output of sample and hold circuit 30 is 
connected to the non-inverting input of comparator 40 by a lead 30a. When the 

20 value of the linearly varying voltage signal on lead 34 exceeds the output signals of 
the sample and hold circuits 26, 28, and 30, each of the comparators 36, 38, 
and 40 applies an output signal pulse to a pulse generator circuit 42. 

When the pulse generator circuit 42 receives the pulses from 
comparators 36, 38 and 40, it generates a short pulse, approximately 

25 100 nanoseconds long, which is transmitted to a light emitting diode (LED) 
driver 46 on a lead 44. LED driver 46 is coupled to a fiber optic cable 47, which 
carries a fight pulse to a receiving circuit (shown in FIGURE 4). When 
comparator 36 applies an output signal pulse to the pulse generator circuit 42, a 
pulse 48a is transmitted on the fiber optic cable at a timeti. Similarly, as 

30 comparators 38 and 40 apply cutout signal pulses to the pulse generator circuit 42, 
a pair of light pulses 48b and 48c are transmitted on the fiber optic cable at 
times t 2 andt 3 respectively. The output signal pulse mat is applied to pulse 
generator circuit 42 by comparator 40 when the linearly varying voltage signal 
exceeds the output signal of sample and hold circuit 30 is also fed back to the 

35 period generator 14, causing the power pulse to turn -off and halting the dram of 
current from battery 12. 
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By using a linearly varying voltage signal on lead 34, the time at which the 
light pulses 48a, 48b, and 48c are transmitted is proportional to the magnitude of 
the signals sampled by the sample and hold circuits 26, 28, and 30. If the output 
signal of sensor 20 had a lower limit of three volts, an upper limit of nine volts, 
5 and the signal on lead 20b was sampled at six volts, (i.e. the output signal of the 
sensor was halfway between the minimum and maximum values) the time at which 
the second light pulse 48b is transmitted would be midway between the times at 
which pulses 48a and 48c are transmitted. 

FIGURE 2 shows the preferred way of connecting a sensor 20 to the 

10 transmitting circuit. The sensor 20, which is shown for illustrative purposes as a 
variable inductor I4 and a fixed inductor L2, is connected in a bridge circuit that 
includes resistors Rsi, RS2 ^ Rs3- The values of these bridge resistors are 
chosen so that the voltages on leads 20a and 20c are always outside the expected 
range of output signal on lead 20b. Using the above example, if the sensor 20 has 

15 an output signal that varies between 3 and 9 volts, then the voltage on lead 20a is 
set to be less than 3 volts while the voltage on lead 20c is set to be always greater 
than 9 volts. In the preferred embodiment, the voltages on leads 20a and 20c are 
calibrated such that the expected range of output signal voltages on lead 20b is 
80% of the difference between the voltages on lead 20c and 20a. In the present 

20 example, the voltage on lead 20a is set at 2.25 volts while the voltage on lead 20c 
is set at 9.75 volts (9 - 3 is 80% of 9.75 - 2.25). The voltages on leads 20a 
and 20b can be set at any percentage of the expected range of the output signal of 
sensor 20, so long as the receiver circuit is designed to accommodate the selected 
percentage parameter when interpreting the ratio of the times at which the light 

25 pulses are sent 

FIGURE 3 is a timing diagram showing a pulse time modulation technique 
according to the present invention. A voltage Vi is representative of the fixed 
voltage on lead 20a of the sensor 20 (shown in FIGURE 1), a voltage V2 is 
representative of the output signal of the sensor, and a voltage V3 is representative 

30 of the fixed voltage on lead 20c. A linearly varying voltage signal Wq begins at a 
level lower than the magnitude of voltage Vi and increases until it exceeds the 
magnitude of voltage V3. In the preferred embodiment, the voltage Vq is 
generated by charging a capacitor with a constant current. However, those skilled 
in the art realize that other methods of generating a linearly varying signal could be 

35 substituted. As the voltage Vc exceeds the voltage Vj, the first pulse 48a is 
transmitted at a time ti. When the value of voltage Vc exceeds the voltage V2, 
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the second pulse 48b is transmitted at a time t 2 . Finally, when voltage V c exceeds 
voltage V3, the third pulse 48c is transmitted at a time t3- 

The magnitude of voltage V2 (i.e. the output signal of the sensor) in 
FIGURE 3 is shown, for illustrative purposes, as being equal to 60% of the 
5 sensor's maximum output signal value. The time at which the second pulse 48b is 
transmitted is 58% of the time between when the first pulse transmitted at time tj 
and when a third pulse transmitted at time 13. Because of the levels at which the 
voltages Vi and V3 are set, if the output signal of the sensor is at a rninimum, the 
second pulse 48b is transmitted at timet 2 that occurs when 10% of the time 
10 interval between the transmission of the first and third pulses has elapsed. 
Similarly if the output signal of the sensor is a maximum, the second pulse is 
transmitted at a time t 2 occurring when 90% of the time interval between the 
transmission of the first and third pulses has elapsed. Thus, an output signal 
having a value of 60% of the maximum sensor output is transmitted at a time t 2 

15 occurring when 58 % of the time interval between the transmission of the first and 
third pulse has elapsed and not at 60% of the time interval. However, the time of 
the second pulse in relation to the times of the first and third pulses can be adjusted 
by changing the values of the fixed voltages Vi and V 3 . As will be described 
below, a receiver circuit (shown in FIGURE 4) decodes the time at which the 

20 second pulse was transmitted in respect to the times of the first and the third pulses 
to determine a value for the sensor output signal. 

It will thus be understood that the absolute time at which the second pulse is 
transmitted is not important; instead, the ratio of the time after the first pulse at 
which the second pulse is transmitted and the time interval between the first and 

25 third pulses is indicative of the output signal of the sensor. Therefore, it is not 
necessary for the time base of the present system to remain accurate. The 
transmitter circuit 10 shown in FIGURE 1 can be manufactured in a hermetically 
sealed canister and placed at a remote location in an aircraft so that it need not be 
compensated for variations in temperature or humidity that might otherwise affect 

30 the accuracy of the sensor system. Variations in the slope of the linearly varying 
signal V C due to thermal conditions, do not effect the accuracy of the sensor 
transmitter, because the ratio of time at which the pulses are transmitted remains 
ratiometrically constant Although the signal V C is shown with a positive slope 
beginning at a level less than the magnitude of the voltage Vi and extending to a 

35 level greater than the magnitude of voltage V 3 , those skilled in the art will realize 
that a linearly varying signal having a downward slope, extending from a level 
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above V3 to a level below could be substituted without affecting the accuracy 
of the present invention. 

FIGURE 4 is a block diagram of a receiver circuit shown generally at 50. 
The receiver circuit 50 receives the light pulses transmitted from the sensor 
5 transmitter 10 (shown in FIGURE 1) and produces a digital signal that corresponds 
to the output signal of the remote sensor. In the preferred embodiment, the 
receiver circuit is multiplexed to receive pulses from a plurality of remotely- 
located sensor circuits.. A detector/pre-amp comparator 52 receives the light pulses 
transmitted from the sensor on the fiber optic cable 47 and compares them to a 

10 predetermined noise threshold. If the signals received exceed the threshold, 
comparator 52 provides a pulsed output signal on a lead 54 that corresponds to the 
light pulses received. The signals on lead 54 are coupled to a pair of pulse 
conditioning circuits 56 and 58. Pulse conditioning circuit 56 comprises a one-shot 
circuit that squares up the rising and falling edges of the pulses received on lead 54 

15 and increases their length from approximately 100 nanoseconds to 
300 nanoseconds. The pulse conditioning circuit 58 generates a pulse 61 having a 
duration of approximately 40 microseconds that begins upon receipt of the first 
pulse 48a; pulse 61 is conveyed on a lead 62. 

The pulses placed on a lead 60 by the pulse conditioning circuit 56 are 

20 applied to the "clock input" pin of an 8-bit shift register 64. The "data-in" pin of 
shift register 64 is tied to a logic high voltage so that upon receipt of each pulse on 
lead 60, a logic 1 bit is shifted one place through the register. Connected to the 
output of shift register 64 are three sample and hold circuits 70, 72, and 74. A 
lead 64a couples the sample and hold circuit 70 to the zeroth bit position of shift 

25 register 64. A lead 64b couples the sample and hold circuit 72 to the first bit 
position of the shift register 64, and a lead 64c couples the sample and hold 
circuit 74 to the second bit position of shift register 64. Sample and hold 
circuits 70, 72, and 74 track a linearly varying voltage signal supplied on a lead 68 
by a voltage ramp generator 66. The voltage ramp generator 66 begins producing 

30 the linearly varying voltage signal upon receipt of the leading edge of the pulse 61 
on a ramp enable lead 63. As the logic l's are shifted through shift register 64 
with the receipt of each of the pulses 48a, 48b, and 48c from the transmitter, each 
of the sample and hold circuits 70, 72, and 74 samples the linearly varying voltage 
signal on lead 68. The sample and hold circuit 70 samples a voltage V'i, while 

35 the sample and hold circuits 72 and 74 sample voltages V'2 and respectively. 
A math processor block 76 receives the sampled voltages from the sample and hold 
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circuits70, 72, and 74 on leads 71, 73, and 75, respectively. Math processor 
block 76 scales the sampled voltages according to the following equation: 

Sensor value = «V' 2 - V'i) - 0.1(V' 3 - V'i) )/ 0.8(V' 3 - V'i) Eq. 1 

Equation 1 scales the voltages sampled by sample and hold circuits 70, 72, 
and 74 between 0-100% such that if V 2 is 10% of V3-V1, the sensor value 
equals 0%, or if V 2 is 90% of V3-V1, the sensor value equals 100%. Equation 
1 serves to "undo" the offset created by the initial calibration of Vi and V 3j as 
10 described above. This offset calibration is added so that a sensor output signal 
of 0% or 100% can be transmitted without requiring the second pulse to overlap 
either the first and third pulses. If Equation 1 is applied to the pulses shown in 
FIGURE 3, a value of 60% is obtained, which is equal to the normalized output 
signal of the sensor. The circuits that comprise math block 76 are more fully 

15 described below. 

An analog-digital (A/D) converter 82 receives an output signal from math 
processor block 76 on a lead 78 and a reference signal on a lead 79. A/D 
converter 82 converts the ratio of the signal on lead 78 to the signal on lead 79 
from an analog signal to a 12-bit digital word that is transmitted to a line driver 86 

20 over a lead 84. line driver 86 transmits the digital word on a data bus 92 to a 
microprocessor (not shown). An out of range circuit 94 also receives an "out of 
range Cow)" signal from math processor block 76 on a lead 80 and an "out of 
range (high)" signal on a lead 81. In a preferred embodiment, if a signal on 
lead 80 or 81 indicates that the output value of sensor 20 is less than 0% or greater 

25 than 100% of the expected output signal range of the sensor 20, the out of range 
circuit 94 sends a one-bit signal on a lead 96 that indicates the output signal of 
sensor 20 is out of range. A data valid circuit 88 is coupled to third bit position of 
shift register 64 by a lead 64d. The data valid circuit 88 determines if more than 
three clock pulses are received by shift register 64 in a predefined time interval, 

30 and produces a logic 1 output on a lead 90 when the shift register receives a fourth 
clock input on lead 60. The data valid circuit 88 is also coupled to the "enable" 
pin of line driver 86, so that if the data is invalid, the line driver circuit is not 
enabled and the erroneous 12-bit word is not transmitted on data bus 92. 

FIGURE 5 shows a schematic diagram of the math block 76 illustrated in 

35 FIGURE 4. Math block 76 receives a signal V'i on lead 71, a signal V 2 on 
lead 73 and a signal V 3 on lead 75. A summation block 100 subtracts the signal 
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on lead 71 from the signal on lead 73. Similarly, a summation block 104 subtracts 
the signal on lead 71 from the signal on lead 75. The output of summation 
block 100 is coupled to a summation block 114 by a lead 102. The output of 
summation block 104 is coupled to a resistor divider network by a lead 106. The 
resistor divider network comprises six resistors Rj, R 2 , R3, R4> R 5» 311(1 Th e 
resistance ratio of resistors Rj to R2 is such that the voltage on a lead 112 is equal 
to .8 (V3 - V'i). The resistance ratio of resistor R3 to resistor R4 is such that the 
voltage on a lead 110 is equivalent to 0.9 (V3 - V'i). Finally, the resistance ratio 
of resistor R5 to resistor R6 is such that the voltage on a lead 108 is equal to 
0.1(V' 3 -V'i). 

Summation block 114 subtracts the signal on lead 108 from the signal on 
lead 102. The output of summation block 114 (V'2 - V'i) - 0.1 (V3 - V'i) is 
placed on lead 78, which is coupled to the input of the A/D converter 82 (shown in 
FIGURE 4). Two comparator circuits 116 and 118 determine if the output signal 
of the sensor is within an acceptable range. Coupled to an inverting input of 
comparator 116 is the signal on lead 102. Coupled to the noninverting input of 
comparator 116 is the signal on lead 108. If the value of 0.1 (V'3 - V'i) exceeds 
the value of (V' 2 - V'i) then comparator 116 places an "out of range (low)" signal 
on lead 80. Similarly, comparator 118 determines if the output signal of sensor 20 
exceeds the acceptable range.. Coupled to the inverting input of comparator 118 is 
the signal on lead 110 and coupled to the noninverting input of comparator 118 is 
the signal on lead 102. If the value (V' 2 - V^) exceeds the value of 0.9 (V3 - 
V'i), then comparator 118 places an "out of range (high)" signal on lead 81. If 
the signal on either lead 80 or 81 goes high, out of range circuit 94 sends a 1 bit 
signal on lead 96 that indicates the output value of sensor 20 is out of range. The 
signal on lead 79, 0.8 (V3 - V'i), is coupled to the reference input of A/D 
converter 82 (shown in FIGURE 4) so that the output value of A/D converter 86 is 
proportional to the ratio set forth in Equation 1. 

While the preferred embodiment of the invention has been illustrated and 
described with respect to sensors used in the aircraft industry, the present invention 
is not limited to use in an aircraft control system. This method and apparatus can 
be used in any control system where it is necessary to transmit information from a 
remotely located sensor to a central computer. 

Furthermore, although the present invention has been illustrated with 
respect to the preferred embodiment, it will be appreciated that various changes 
can be made without departing from the spirit and scope of the invention. For 
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example, as an alternative to the receiver circuit shown in FIGURE 3, a 
microprocessor having internal timing circuits can process the times at which the 
three pulses transmitted from LED driver 46 on fiber optic cable 47 are received. 
The microprocessor can easily be programmed to compare the time between first 
5 pulse 48a and the second pulse 48b with the time between the first pulse 48a and 
the third pulse 48c and thereby rauometrically determine the value of the output 
signal of the sensor. Additionally, those skilled in the art will realize that more 
than one pulse could be transmitted in order to convey the value of the output 
signal from more than one sensor according to the method described above. 
10 Therefore, it is intended that the scope of the present invention be determined only 
by reference to the following claims. 
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The embodiments of the invention in which an exclusive property or 
privilege is claimed are defined as follows: 

1. A method of transmitting information indicative of an output signal 
of a sensor to a remote location, the method comprising the steps of: 

determining times for transmitting each of a first signal, a second signal, 
and a third signal to the remote location, wherein the time at which the second 
signal is to be transmitted and the times at which the first and third signals are 
transmitted are ratiometrically related to the value of the output signal of the 
sensor; and 

transmitting the first signal, the second signal, and the third signal to the 
remote location at the times thus determined. 

2. The method of Claim 1, wherein the step of transmitting the first, 
second and third signals comprises the steps of: 

transmitting a first pulse at a time t j ; 
transmitting a second pulse at a time t2J 
transmitting a third pulse at a time t3 ? ; and 

wherein a ratio of a time interval (tj - U) to a time interval - ti) is 
indicative of the output signal of the sensor. 

3. The method of Claim 2, further comprising the steps of: 
generating a reference signal that varies between a first predefined limit and 

a second predefined limit; 

comparing the reference signal to the first predefined limit, to the output 
signal of the sensor, and to the second predefined limit; and 

wherein the step of transmitting the first pulse is done when the reference 
signal is substantially equal to the first predefined limit, the step of transmitting the 
second pulse is done when the reference signal is substantially equal to the output 
signal of the sensor, and the step of transmitting the third pulse is done when the 
reference signal is substantially equal to the second predefined limit. 

4. The method as in Claim 3, wherein the step of generating a 
reference signal comprises the step of; 

producing a varying signal having a magnitude that varies in a predefined 
manner between the first and the second predefined limits. 
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5. The method of Claim 3, wherein the first predefined limits is 
substantially less than a minimum sensor value by a predefined fraction of a 
difference between the first and second predefined limits. 

6. The method of Claim 3, wherein the second predefined limit is 
substantially greater than a maximum sensor output value by a predefined fraction 
of a difference between the first and second predefined limits. 

7. A method for transmitting information indicative of an output signal 
of a sensor to a remotely located receiver, the method comprising: 

transmitting a first pulse to the remote receiver at a time ti; 
transmitting a second pulse to the remote receiver at a time t 2 ; and 
transmitting a third pulse to the remote receiver at a time ty, 
wherein the ratio of the time intervals (t 2 -ti)/(t3-ti) is proportional to the 
output signal of the sensor. 

8. The method according to Claim 7, further comprising the steps of: 
generating a linearly varying reference signal that varies between a first 

predefined limit and a second predefined limit; 

sampling the output signal of the sensor; and 

comparing the reference signal to the first predefined limit, to the output 
signal of the sensor, and to the second predefined limit; 

wherein the first pulse is transmitted when the reference signal is 
substantially equal to the first predefined limit, the second pulse is transmitted 
when the reference signal is substantially equal to the output signal of the sensor, 
and the third pulse is transmitted when the reference signal is substantially equal to 
the second predefined limit. 

9. Apparatus for transmitting an output signal of a sensor to a remote 
receiver circuit, wherein a magnitude of the output signal lies between a minimum 
value and a maximum value, comprising: 

means for deterniining a first time, a second time, and a third time at which 
corresponding first, second, and third signals are transmitted to the remote 
receiver; 
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means for transmitting the first signal, the second signal, and the third 
signal to the remote receiver, wherein the times at which the first and third signals 
are transmitted are predefined, and the time at which the second signal is 
transmitted is a function of the value of the output signal of the sensor. 

10. The apparatus as in Claim 9, wherein the means for transmitting the 
first, second, and third signals comprises: 

means for transmitting a first pulse at a time tj, a second pulse at a time t2 9 
and a third pulse at a time t3; 

wherein the means for determining the times for transmitting the first, 
second, and third pulses selects those times so that a ratio of a time interval 
02 - ti) to a time interval #3 - t\) is indicative of the magnitude of the output 
signal of the sensor. 

11. The apparatus as in Claim 9, further comprising: 

a signal generating circuit for producing a reference signal that varies 
between a first predefined limit and a second predefined limit in a predefined 
manner; and 

a comparator circuit for comparing the reference signal to a first predefined 
limit, to the output signal of the sensor, and to a second predefined limit, wherein 
the comparator circuit is coupled to the means for transmitting such that the means 
for transmitting transmits the first signal when the reference signal is substantially 
equal to the first predefined limit, transmits the second signal when the reference 
signal is substantially equal to the output signal of the sensor, and transmits the 
third signal when the reference signal is substantially equal to the second 
predefined limit. 

12. The apparatus as in Claim 9, further comprising: 

a fiber optic cable that extends between the sensor and the remote receiver 
circuit, wherein the first, second, and third signals are transmitted on the fiber 
optic cable. 

13. The apparatus as in Claim 11, wherein the first predefined limit is 
substantially less than minimum sensor value by a predefined fraction of a 
difference between the first and second predefined limits. 
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14. The apparatus as in Claim 11, wherein the second predefined limit is 
substantially greater than a maximum sensor value by a predefined fraction of a 
difference between the first and second predefined limits. 

15. The apparatus as in Claim 10, wherein the remote receiver circuit 
comprises: 

means for receiving the first, second, and third pulses; and 

means for computing a ratio of a time interval between times at which the 

first and the second pulse are received to an interval between times at which the 

first and third pulses are received. 

16. The apparatus as in Claim 15, wherein the means for computing the 
ratio comprises: 

means for producing a second varying reference signal that varies in the 
predefined manner upon the receipt of the first pulse; 

means for obtaining a first sample of the second varying reference signal at 
a time substantially coincident with the receipt of the first pulse, a second sample 
of the second varying reference signal at a time substantially coincident with the 
receipt of the second pulse and a third sample of the second varying reference 
signal at a time substantially coincident with the receipt of the third pulse, wherein 
a magnitude of a difference between the first sample and the second sample and a 
magnitude of a difference between the first and third samples is ratiometrically 
related to the output signal of the sensor. 
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